The genetic information responsible for reduced virulence (hypovirulence) of the chestnut blight fungus Cryphonectria parasitica is thought to reside on cytoplasmically replicating double-stranded RNA (dsRNA) molecules. Cell-free translation of synthetic transcripts corresponding to the 5'-terminal 2640 nucleotides of the sense strand of the large dsRNA present in C. parasitica hypovirulent strain EP713 yielded two polypeptides with apparent molecular masses of 29 and 40 kDa. Nucleotide sequence analysis indicated that p29 and p40 were encoded by a single large open reading frame. The coding regions for p29 and p40 were mapped to nonoverlapping portions of the 5'-and 3'-terminal domains of the open reading frame, respectively. Kinetic analysis and in vitro translation studies with chimeric transcripts indicated that p29 is autocatalytically released from a nascent polyprotein during translation. Microsequence analysis of the amino terminus of radiolabeled p40 indicated that cleavage occurred between Gly-248 and Gly-249, consistent with translational mapping analysis. Examination of the p29 amino acid sequence revealed similarity to the Potyvirus-encoded cysteine-type proteinase HC-Pro. These results indicate the types of mechanism that operate during gene expression by hypovirulence-associated dsRNA genetic elements. Viral-like double-stranded RNA (dsRNA) genetic elements are associated with biological control of the chestnut blight pathogen, Cryphonectria parasitica. Fungal strains harboring these genetic elements exhibit reduced virulence (hypovirulence) as well as a variety of accompanying symptoms, which can include reduced sporulation, reduced pigmentation, altered colony morphology, and reduced levels of certain enzymatic activities-e.g., laccase and certain metabolites, e.g., oxalate (reviewed in refs. 1-6). Moreover, these dsRNAs are transmitted coincidentally with the hypovirulence phenotype to dsRNA-free virulent strains during hyphal anastomosis (7). Thus, the application of an appropriate hypovirulent strain to a canker incited by a virulent strain of C. parasitica can result in conversion of the resident virulent strain to hypovirulence and consequent healing of the canker (discussed in ref. 1 ).
similarity to the Potyvirus-encoded cysteine-type proteinase HC-Pro. These results indicate the types of mechanism that operate during gene expression by hypovirulence-associated dsRNA genetic elements. Viral-like double-stranded RNA (dsRNA) genetic elements are associated with biological control of the chestnut blight pathogen, Cryphonectria parasitica. Fungal strains harboring these genetic elements exhibit reduced virulence (hypovirulence) as well as a variety of accompanying symptoms, which can include reduced sporulation, reduced pigmentation, altered colony morphology, and reduced levels of certain enzymatic activities-e.g., laccase and certain metabolites, e.g., oxalate (reviewed in refs. [1] [2] [3] [4] [5] [6] . Moreover, these dsRNAs are transmitted coincidentally with the hypovirulence phenotype to dsRNA-free virulent strains during hyphal anastomosis (7) . Thus, the application of an appropriate hypovirulent strain to a canker incited by a virulent strain of C. parasitica can result in conversion of the resident virulent strain to hypovirulence and consequent healing of the canker (discussed in ref. 1 ).
An understanding of the molecular basis of transmissible hypovirulence in C. parasitica requires detailed knowledge of the structural and functional properties of hypovirulenceassociated dsRNAs. The nucleotide sequence organization within the terminal domains of a major large dsRNA present in hypovirulent stain EP713 has been described (8) . Cell-free translation of a synthetic transcript that corresponded to the 5'-terminal 2640 nucleotides of the sense strand of the EP713 dsRNA yielded a polypeptide of 29 kDa, subsequently designated p29. Western blot analysis established that p29 was expressed in strain EP713 but not in the isogenic virulent strain EP155. While these studies provided initial basic information concerning structural properties of hypovirulence-associated dsRNAs and established that these elements encode polypeptides, they did not provide any information concerning the mechanisms involved in gene expression. We now present evidence that p29 is cotranslationally released from a polyprotein by an autocatalytic process.
MATERIALS AND METHODS
Details of the construction of plasmids pAD3a (8) and pWTVS9 (9) , which encode wound tumor virus (WTV) nonstructural polypeptide PnslO, have been described. Plasmid pORFUSi, a shortened version of pAD3a (see Fig. 1 ), was constructed with the aid ofthe polymerase chain reaction (PCR) (10) . Oligonucleotide primers corresponding to nucleotide positions 459-476 and 2382-2398 ofthe pAD3a template and containing 5'-terminal Kpn I and Xba I sites, respectively, were used to generate a 1940-base-pair (bp) fragment, which was subcloned into Kpn I/Xba I-digested pGEM3Z (Promega) .
Chimeric plasmids consisting of elements of the open reading frames from pORFUSl and pWTVS9 were constructed as follows. In plasmid pAS9, the carboxyl-terminal portion of the pORFUS1 open reading frame was replaced with the corresponding domain of the pWTVS9 open reading frame. A 1142-bp fragment containing the carboxyl-terminal 337-amino acid coding region of pWTVS9 was liberated by Xho I/Pst I digestion. The fragment was polished with phage T4 DNA polymerase (11) and blunt-end-ligated into BstEII/ Xba I-digested and polished pORFUS1 (see Fig. 4 ). In plasmid pS9A, the amino-terminal portion of the pORFUS1 open reading frame, which conttins the p29 coding region, was replaced by the amino-terminal portion of the pWTVS9 open reading frame. The region of pORFUS1, which extends fromjust upstream ofthe 5'-proximal Sal I site tojust past the Xba I site (Fig. 1) , was amplified by PCR. The nucleotide sequence ofthe PCR primer, which contained the 5'-proximal Sal I site, was altered to remove the 3'-proximal Sal I site while maintaining the normal amino acid sequence. The resulting fragment was digested with Sal I, polished with T4 DNA polymerase, and ligated into HindIll-digested and polished pWTVS9 to yield pS9A (see Fig. 4 ). Each chimeric plasmid was sequenced (12) to ensure that the open reading frames were correctly fused and that the predicted amino acid sequences were maintained. PCR was performed for 25 cycles using the following conditions: denaturation at 94°C for 1.8 min, annealing at 65°C for 2 min, and extension at 72°C for 3 min. A final extension was performed at 72°C for 5 min.
Abbreviations: dsRNA, double-stranded RNA; PCR, polymerase chain reaction; WTV, wound tumor virus; TEV, tobacco etch virus. *To whom reprint requests should be addressed.
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In vitro transcription and translation reactions were performed as described (13) 
RESULTS AND DISCUSSION
The organization within the terminal domains of the major large dsRNAs present in hypovirulent strain EP713 has been described (8) . The 5'-proximal 2640-nucleotide portion of the sense strand was reported to consist of a 495-nucleotide noncoding leader sequence followed by two overlapping open reading frames. Cell-free translation of a synthetic transcript of this region yielded one prominent polypeptide with an apparent molecular mass of 29 kDa, now designated p29. Immunoblot (Western blot) analysis established that p29 was also expressed in vivo. Subsequent translation studies performed in this laboratory using synthetic transcripts generated from the same transcription vector used in the previous study, pAD3a, revealed, in addition to p29, a second prominent translation product of 40 kDa, designated p40. The reason for the failure to detect p40 in previous translation experiments remains unclear but may be related to the use of different batches and different sources of reticulocyte lysate. Consequently, the nucleotide sequence of pAD3a was completely reanalyzed and resulted in the identification of two errors. The corrected sequence lacked the thymidine residue at position 1366 and the guanosine residue at position 2339 that were present in the published sequence (8) . The consequences of these corrections are indicated in Fig. 1 . The correction at position 1366 (Fig. 1A) resulted in the fusion of the two previously predicted open reading frames, whereas the correction at position 2339 (Fig. 1B) introduced a stop codon within the extended open reading frame at positions 2362-2364 (new map coordinates). That is, instead of containing two overlapping coding regions, the pAD3a sequence contained one large open reading frame that extended from an AUG codon at positions 496-498 to a UAA stop codon at positions 2362-2364 with a potential coding capacity of -68,500 kDa (Fig. 1C) . However, translation of a synthetic transcript containing this open reading frame resulted in the synthesis of both p29 and p40 (Fig. 1D) . The following series of in vitro translation experiments were performed to understand how two products of 29 kDa and 40 kDa were generated from a transcript that is predicted to contain a single large open reading frame.
The first set of experiments examined the question of orientation of the p29 and p40 coding regions by in vitro translation of a series of 5'-coterminal run-off transcripts. A shortened version of pAD3a, pORFUS1 (Figs. 1C and 2A ) was used to generate the run-off transcripts for this and subsequent translational mapping experiments because removal of the 5'-terminal noncoding leader sequence from pAD3a significantly increased in vitro expression levels ( Fig.  1 and ref. 8) . If p29 and p40 were encoded by nonoverlapping regions of the same open reading frame, a possibility consistent with the computer-predicted coding capacity of 68.5 A kDa, then the progressive shortening of the run-off transcripts from the 3' terminus would first affect the relative migration of the polypeptide that is encoded within the 3'-terminal domain. Progressive shortening of the run-off transcripts by digestion of pORFUS1 with HindIII or Nru I resulted in no change in the migration of p29 (Fig. 2B) . However, p40 was replaced by faster migrating species that were progressively reduced in apparent size as more of the 3'-terminal portion of the run-off transcript was deleted. The migration position of p29 was altered only after truncation of the run-off transcript by digestion of pORFUS1 at the 5'-proximal Sal I site (Fig. 2B) . These results indicate that the region encoding p29 resides within the N-terminal portion of the open reading frame and extends to a pointjust beyond the 5'-proximal Sal I site. They further suggest that the region encoding p40 resides within the 3'-terminal portion of the open reading frame beginning at a point upstream of the Nru I site but downstream of the 5'-proximal Sal I site.
To map the junction between the p29 and p40 coding regions more precisely, additional truncated run-off transcripts were translated in vitro. Interestingly, translation of the transcript generated from BstEII-digested pORFUSi yielded, in addition to p29, a slightly slower migrating species (Fig. 2C) . One interpretation of this result, consistent with the nucleotide sequence data, is that the slower migrating species represents p29 fused to the N-terminal portion of p40. That is, because of the proximity of the run-off termination site to the p29/p40 junction, the normal event that generates p29 and p40 from an apparent single open reading frame is compromised, resulting in the production of a detectable amount of the fused polypeptide product. The size of the slower migrating polypeptide is consistent with the predicted coding capacity of the run-off transcript generated from BstEII-digested pORFUS1. The fact that the unaltered p29 is the major translation product synthesized from this transcript further defines the position of the p29/p40 junction as residing between the 5'-proximal Sal I and BstEII sites, a stretch of 63 amino acids.
At this point, we considered the possibility that p29 and p40 are derived from a polyprotein by a proteolytic event catalyzed by a domain within p29, similar to the autocatalytic release of the leader protein, L, from the foot-and-mouth disease virus polyprotein (14) (15) encephalomyocarditis virus Al capsid precursor (16) . Kinetic analysis of p29 and p40 synthesis from the full-length pORFUS1 transcript was performed in an effort to detect precursor-product relationships consistent with this possibility. p29 was detectable within 5 min of incubation, while p40 was not visible until 10 min of incubation-a time when the accumulation of p29 was already at a significant level (Fig. 3) . The kinetics of p29 and p40 appearances are consistent with the orientation of the respective coding regions that was suggested by the translational mapping experiments (Fig. 2) and indicate that the process responsible for generation of p29 and p40 from a single transcript occurs during translation. An additional slower migrating band, designated p69, was also observed after 20 min of incubation. This species, which accumulates to varying amounts in different translation reactions (e.g., is detectable in Figs. 1D, 3 , and 4B but inapparent orjust visible in Fig. 2 B and C) , is of an apparent size expected for a polyprotein composed of p29 and p40. However, rather than characterize this presumptive polyprotein further, we constructed several chimeric transcription vectors to test the possibility that p29 and p40 are generated by an autoproteolytic mechanism. In vector pAS9, the p40 coding region was replaced by the carboxyl-terminal 337-amino acid coding region of WTV genomic segment S9 (10) (Fig. 4A) . In vector pS9A, the p29 coding region was replaced with the amino-terminal 132-amino acid coding region of WTV genomic segment S9. In both constructs, the WTV S9 coding region was fused in frame with the pORFUS1 coding region, and the domain containing the p29/p40 junction was retained unaltered. Ifthe two polypeptides were generated by a process other than proteolysis (e.g., a terminationreinitiation mechanism), translation of the pAS9 transcript should yield p29 and a 37-kDa polypeptide corresponding to the pWTVS9 open reading frame, rather than p40. Translation of the pS9A transcript should yield the normal p40 and a 14.5-kDa product in place of p29. Alternatively, if the two polypeptides were generated by a proteolytic event catalyzed by one of the two polypeptides, then one of the chimeric transcripts should produce a single polyprotein rather than two polypeptide products.
As shown in Fig. 4B , translation of the pORFUS1 transcript resulted in the expected synthesis of p29 and p40. Note also the presence of a small amount of p69. Translation of the pAS9 transcript resulted in the synthesis of p29 and a 37-kDa product expected from the WTV S9 coding region (Fig. 4B,  lane pS9A) . A third product was also visible migrating just slightly faster than p69 (Fig. 4B, lane pORFUS1) . However, translation of the pS9A transcript resulted in the synthesis of a single product of -60 kDa (Fig. 4B, lane pS9A) , a size consistent with the coding capacity of the predicted single open reading frame present in the pS9A transcript. This provides an independent confirmation of the nucleotide sequence data, which indicated the absence of any stop codon within the region between the 5'-proximal Sal I and BstEII In plasmid pAS9, the p40 coding region was replaced by the carboxyl-terminal 337-amino acid coding region of WTV genomic segment S9 (9) . In plasmid pS9A, the p29 coding region was replaced by the amino-terminal 132-amio acid coding region of segment S9. In both plasmids, the coding regions are fused in-frame, and the domain containing the p29/p40 junction was retained. The parentheses indicate that the BstEII site in pAS9 and the two Sal I sites in pS9A were destroyed during construction of the plasmids. (B) Translation products specified by full-length run-off transcripts from each plasmid (indicated at the top of the gel) were analyzed on a 12.5% polyacrylamide gel. Additional analysis with higher percentage polyacrylamide gels failed to detect any synthesis of the potential 14.5-kDa product of the pWTVS9 coding domain present in the pS9A transcript.
sites containing the p29/p40 junction. Furthermore, the fact that replacement of the p29 coding domain with an unrelated coding region allows read-through of the p29/p40 junction is totally consistent with the proposal that the amino acid sequence information contained within p29 is necessary and sufficient for release of p29 from a polyprotein. Simultaneous translation of both the pAS9 and pS9A transcripts failed to produce detectable amounts of either p40 or the 14.5-kDa product from the pS9A transcript (Fig. 4B, left- sites, the region defined by translational mapping analysis to contain the p29/p40 junction.
The proteinase HC-Pro, encoded by the Potyvirus tobacco etch virus (TEV), was recently shown to release itself from a polyprotein by autocatalytic cleavage at a glycylglycine dipeptide (17) . Site-directed mutagenesis identified Cys-649 and His-722 ofHC-Pro as essential residues for proteolytic activity (18) . These results, coupled with comparative amino acid sequence analysis, prompted the suggestion that HC-Pro is related to the cysteine-type family of proteinases. Alignment of the putative cleavage sites and upstream cysteine and histidine residues for p29 and HC-Pro revealed a striking similarity between the sequences surrounding Cys-162 and His-215 of p29 and the sequences flanking the essential HCPro cysteine and histidine residues and in the spacing of these residues relative to their respective cleavage sites (Fig. 6) .
Autoproteolysis is incorporated into gene expression strategies for a number of plant and animal viruses. Like p29, several viral-encoded proteinases-e.g., the foot-and-mouth disease virus leader protein (14, 15) and the Sindbis virus capsid protein (19) -are located within the amino-terminal domain of a polyprotein and are cotranslationally released from a nascent polyprotein by an autocatalytic process. Several autocatalytically released viral proteinases act in trans to process additional viral encoded polyproteins-e.g., the 49-kDa proteinase of TEV (20) . Although we have only provided evidence for autocatalytic release of p29, the fact that this protein is the 5'-proximal gene product encoded by EP713 dsRNA suggests the possibility that it is involved in catalyzing additional steps in processing of dsRNA-encoded polyproteins. Consistent with this possibility, sequence analysis of EP713 dsRNA has revealed an open reading frame that extends >9000 bp (unpublished observations). Therefore, it is likely that proteolytic processing will play a major role in gene expression by hypovirulence-associated dsRNAs. Alternatively, p29 may impact on host function by interacting with host factors, analogous to the action of the foot-and-mouth disease virus L proteinase (21) or the poliovirus 2A proteinase (22) in inducing cleavage of the p220 component of the cap-binding protein. The availability of a DNA-mediated transformation system for C. parasitica (23, 24) should facilitate the elucidation of the functional role of p29 in hypovirulence.
